The accurate characterization of electrical double layer properties of nanoparticles is of fundamental importance for optimizing their physicochemical properties for specific biotechnological and biomedical applications. In this article, we use classical solvation density functional theory and a surface complexation model to investigate the effects of pH and nanoparticle size on the structural and electrostatic properties of an electrolyte solution surrounding a spherical silica oxide nanoparticle. The formulation has been particularly useful for identifying dominant interactions governing the ionic driving force under a variety of pH levels and nanoparticle sizes. As a result of the energetic interplay displayed between electrostatic potential, ion-ion correlation and particle crowding effects on the nanoparticle surface titration, rich, non-trivial ion density profiles and mean electrostatic potential behavior have been found.
Introduction
An increasing number of nanoparticle applications have been recently proposed in which the pH level of the liquid solution might have a high impact on their functional behavior [1] [2] [3] [4] . Consequently, there is a high demand in taking control of the mechanisms governing this process to optimize the physicochemical properties of nanoparticles for specific biotechnological and biomedical applications [5] [6] [7] [8] . Having this ability requires an accurate molecular understanding of the structural and electrostatic properties of liquids surrounding nanoparticles. A large number of research papers published on colloidal systems reveal a complex, even not well understood, interplay between the surface charge density (SCD), Zeta potential (ZP), nanoparticle size (NS), ionic charge, water density distributions and pH levels of the surrounding aqueous solution. These articles provide insight on the formation of electric double layers (EDLs) where the electrostatic and entropic interactions between the nanoparticle and the aqueous medium generate a strongly correlated liquid near the surface of the nanoparticle [9] [10] [11] [12] [13] [14] . One major source of complexity in describing EDL properties comes from the still not fully elucidated role of the pH level on the electrostatic ion-ion correlation 15, 16 , entropy (e.g. particle crowding) 17 and mean electrostatic potential that contribute to the ionic driving force 18 . Gaining this understating at the microscopic level is indeed challenging, sometimes impossible, to obtain using current experimental techniques and conventional mean field-like Poisson Boltzmann (PB) approaches [19] [20] [21] . More sophisticated approaches were proposed to overcome a number of these limitations [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . A novel approach named classical solvation density functional theory (CSDFT) has been recently introduced to study the influence that biological environments at neutral pH may have on the physicochemical properties of spherical nanoparticles of different sizes while under a variety of electrolyte conditions 32 . A more recent formulation of this approach combines CSDFT and surface complexation model (SCM) 30 to account for ion-ion correlation and particle crowding effects on the surface titration of spherical oxide nanoparticles 31 . The results, successfully validated against experiments, show that the particle crowding and electrostatic screening effects have a profound influence on the SCD and ZP of the nanoparticle.
In this article, we extend the aforementioned work by presenting a comprehensive analysis to advance the understanding of the role that pH and nanoparticle size play on the structural and electrostatic properties of the electrolyte surrounding spherical oxide nanoparticles. We consider spherical SiO nanoparticles with sizes of different order of magnitude immersed in a monovalent electrolyte of acid and alkaline aqueous solutions. We use CSDFT and SCM to calculate the water and ion density profiles as well as the mean electrostatic potential (MEP) arising from the charging process generated by the nanoparticle surface chemistry. Additionally, we calculate the particle crowding, ion-ion correlation and electrostatic energy contributions to the ionic potential of mean force (PMF) to identify the dominant interactions governing the EDL properties. Finally, we compare our results against Poisson-Boltzmann (PB) predictions to determine the role that the corrections to the continuum model have in capturing charge inversion, ionic layering formation, and other important phenomena characterizing these colloidal systems.
Theory
In this section we provide the basic formulation of the approach used in this article.
The detailed description can be found in references 31, 32 .
Classical solvation density functional theory for spherical electrical double layers
In this approach, we consider a rigid charged spherical nanoparticle of radius R and uniform surface charge density σ surrounded by an electrolyte solution comprised of m ionic species. We use the solvent particle model to characterize the electrolyte 31 . Each ionic species i is represented by bulk Molar concentration [ρ 0 i ], a charged hard sphere of diameter d i , and total charge q i = ez i , where e is the electron charge and z i is the corresponding ionic valence (see Fig. 1(b) ). Additionally, the solvent molecules are represented as a neutral ion species whereas the solvent electrostatics is considered implicitly by using the continuum dielectric environment with a dielectric constant ǫ = 78.5. The nanoparticle-liquid interaction induces inhomogeneous ion profiles [ρ i (r)] which are calculated using CSDFT as follows:
where 
which is the formal solution of the PB equation for an homogeneous anisotropic dielectric media ǫ
with the surface charge layer position defined as s ≡ R+ < {d i } > and < {d i } >≡
In the later definition N A and l B stand for the Avogadro number and the Bjerrum length, respectively.
Surface complexation model
In order to account for the titration that regulates the nanoparticle surface charge density σ we consider the following two protonation reactions of single SO-coordinated sites : In both models the Silica nanoparticle is displayed at the center of the figure in yellow color whereas Na + ,Cl − and H + ions surrounding the nanoparticle are displayed in blue, red and magenta colors, respectively. Additionally, water molecules are displayed in gray color in the CSDFT model. In both models the Silica nanoparticle is represented as a hard sphere with uniform charge density on the surface whereas ions are represented by point-like charged particles in PB model and charged hard spheres with crystalline size in CSDFT model 27 . In both models the electrostatics of water is treated implicitly by using the continuum dielectric, but CSDFT adittionally includes the water steric interaction explicitly by considering the water molecules as a neutral hard sphere (uncharged ions) at experimental size and concentration.
with equilibrium constants K A and
In the above expressions, N SOH , N SO − , and N SOH 
where
is the ZP, and ∆c ), where F represents the Faraday constant . Writing the densities sites in terms of the equilibrium constants (6), the SCD can be calculated as follows:
Note that expression (7) describes the effects of the structural and electrostatic properties of the electrolyte on the SCD, whereas the boundary condition in expression (3) accounts for the SCD effects on the structural and electrostatic properties of the electrolyte. Therefore, eqns (1)- (7) must be solved self-consistently.
Electrolyte solutions and surface titration characterization
In this work, we utilize the same parameters used in our previous work 31 . We consider silica oxide nanoparticles with total density number of active functional group N total = 2 * 10 −6 mol/m 2 and equilibrium constants pK A = −log(K A ) = 6.8 (protonation) and pK B = −log(K B ) = 1.7 (deprotonation). We consider a single salt comprised of mono-valent ions (NaCl). The pH of the solution is adjusted by adding NaOH and HCl solutions to the electrolyte. The resulting electrolyte solutions contain five ion species (Na 
PB approach
PB is a particular case of the CSDFT approach. Indeed, the expressions introduced in sections 2.1-2.3 for CSDFT recover the (non linear) PB approach by setting all ion sizes equal to zero (see Fig. 1(a) ). In particular, s = R, ∆c 
Results and discussion
In this section, we present and discuss the results predicted by CSDFT to elucidate the role that pH and nanoparticle size play on the EDL properties of silica oxide nanoparticles. 
CSDFT Results
In our first analysis we study a 5Å nanoparticle size in 0.8M monovalent electrolyte solution. Overall, our results show a high impact of the pH level on the structural and electrostatic properties of spherical electrical double layers. This behavior comes from expression (5) which explicitly establishes the influence of pH level and equilibrium constants on the number of active functional groups deprotonated (N SO − ) and protonated
) on the surface, namely
where exp(∆E H ) represents the normalized hydrogen density evaluated at the surface charge position s. This value can be estimated by the height of the first peak in the curves in Fig. 2 (a) . Therefore, at low pH levels (e.g. 4 to 5), expression (8) predicts that the density number of active functional groups deprotonated are partially compensated by those protonated on the nanoparticle surface. This generates a poor charging mechanism which induces small surface charge densities (see eqn (7)) and generate weak nanoparticle-liquid electrostatic interactions. This phenomenon is shown in Fig. 3 on the counter-ionic and co-ionic PMF (dashed black and gray lines), where there is a lowering of the electrostatic potential energy (dashed light green and dark green lines) and the ion-ion correlation (dashed red and pink lines) contributions whereas the ionic entropy (dashed blue and cyan lines) contribution remains unchanged. According to this analysis, we arrived at the conclusion that the driving force governing the structural and electrostatic properties of the EDL in acid electrolyte solutions comes from the ionic entropy energy. This behavior of the ionic PMF generates ion density profiles characterized by an increase of the accumulation of co-ions (Cl − ) and depletion of counter-ions (Na + ) near the surface of the nanoparticle compared to those in bulk concentrations (Fig. 4 (a)-(b) ).
Interestingly, there is a higher accumulation of co-ions than counter-ions found in the first shell at low pH levels due to the ionic asymmetry size effects. Indeed, even though there is the same co-ions and counter-ions bulk concentration (=0.8M), the size of the co-ions are larger than the counter-ions which induces larger entropic contributions to the ionic PMF (see dashed blue and cyan lines in Fig. 3 ). For instance, we find around 44 % more Cl − than Na + ions in the first shell at pH level 4. On the other hand, our results on MEP at low pH levels reveal charge inversion around a separation distance of 1.2 Å from the nanoparticle surface ( Fig. 5 (a) ). This is caused by an excess in counter-ion contributions to the MEP which generates a charge screening that overcompensates the electrostatic potential produced by the small nanoparticle charge. Additionally, the MEP near the nanoparticle surface is characterized by a non-monotonic short-range behavior. This non-trivial and counter-intuitive behavior of the MEP comes from expression (2) which explicitly establishes the role that pH plays on the surface charge density (first term) and ion density profiles (second term). At low pH levels, the first term becomes small whereas the second term provides the nontrivial behavior of the MEP near the nanoparticle surface.
Moreover, the height of the first peaks in the counter-ion and co-ion density profiles are of the same order but the former are located closer to the nanoparticle surface dominating the contributions when integrated along the radial separation distances.
A different scenario is predicted by eqn (8) at higher pH levels (e.g. Fig. 5 (a) ).
Certainly, the short-ranged nanoparticle-liquid entropic interactions are weakened at intermediate separation distances, e.g between~12Å and 18Å from the nanoparticle surface. Consequently, the MEP dominates the asymptotic behavior of the ionic PMF (see Fig. 3 ) as well as the pH effects on the structural and electrostatic properties of electrolyte solutions. Accordingly, an increase of pH levels induces large values of the PMF and generates slower asymptotic decay (see Fig. 5 (a) ). This in turn generates a casi-monotonic decay behavior in the ion density profiles (see Fig. 1 (a)-(b) ). As expected, all nanoparticle-liquid interactions and pH effects on the electrolyte solution properties at longer separation distances vanish recovering the well-known electrolyte bulk properties.
Overall, the EDL properties remain unchanged at pH level 10 and higher (results not presented in this article) because the nanoparticle reaches the charge saturation limit 9, 32 .
In our second analysis we repeat the previous calculations for a larger nanoparticle size (= 580Å) in order to provide insight into the nanoparticle size effects on the structural EDL properties of silica oxide nanoparticles. Our results in Fig. 2 groups and, consequently, an increase of the total nanoparticle charge. As a result, the corresponding values of the MEP are magnified while keeping the trends predicted for the smaller nanoparticle size (see Fig. 5 (a)-(b) ). Additionally, the increase of nanoparticle size causes higher entropic interaction between the nanoparticle and the surrounding medium which in turn increases the particle crowding effects on the ionic density profiles (e.g. taller peaks) near the nanoparticle surface. As a result, we find a more pronounced layering formation for the larger nanoparticle size. For instance, we find around 25 % more water molecules (see Fig. 6 ), 122 % more Na + ions and 33 % less Cl − ions (see Fig. 4 (c)-(d) ) accumulated in the first shell for 580Å than for 5Å nanoparticle size at pH level 8. Overall, our results on the ion density profiles and MEP show that the trends obtained on the EDL properties for a 5Å nanoparticle are magnified when the particle size is increased.
PB -CSDFT comparison
In our final analysis we calculate PB predictions on ion density profiles and MEP for 5Å nanoparticle size with the same electrolyte conditions analyzed in the previous sec- Figure 3 : E(r) represents the mean electrostatic potential (=MEP), entropy (=HS), ionion correlation (=Ion Correl) and ionic potential of mean force (=Total Ψ) energies per unit of thermal energy KT predicted by CSDFT for a 0.8M NaCl salt concentration and 5Å nanoparticle size. Light green and dark green colors correspond to MEP, blue and cyan colors correspond to entropy, red and magenta colors correspond to ion-ion correlation, and black and gray colors correspond to the ionic potential of mean force. Plots (a) and (b) represent the effects of low pHs (4 and 5) on Na + and Cl − ions, respectively, whereas plots (c) and (d) are those corresponding to the effects of high pHs (6 and 8). Secondly, the ZP predicted by CSDFT also accounts for the ion-ion correlations, size asymmetry and particle crowding effects (see eqn. (1)), which are omitted in continuum models. Additionally, these two factors have a non-linear high impact effect on the titration and nanoparticle SCD properties (see eqn (7)). Another source of difference corresponds to the expression used by CSDFT to estimate the ionic PMF (see eqn (1)). Indeed, by considering not only electrostatic but also entropy and ion-ion correlation interactions, and in particular, by accounting for explicit water molecules at experimental size and concentration, CSDFT has been capable of capturing ionic layering formation and charge inversion, among other important features of colloidal systems. On the contrary, these corrections to continuum models are attenuated at lower electrolyte concentrations, obtaining PB and CSDFT predictions in much better agreement 1,9,32 .
Conclusion
In this article, we use classical solvation density functional theory (CSDFT) and a surface complexation model to investigate the effects of pH and nanoparticle size on the structural and electrostatic properties of an electrolyte solution surrounding a spherical silica oxide nanoparticle. This approach has shown to be an efficient and accurate computational tool in accounting for mean electrostatic potential (MEP), ion-ion correlation and ionic entropy (particle crowding) effects on surface titration. Additionally, the formulation has been able to capture the balance and competition between electrostatic and entropic contributions to the total ionic potential of the mean force (PMF). This feature has been particularly useful for identifying dominant interactions governing nanoparticle electrical double layer properties under a variety of pH levels and nanoparticle sizes. Overall, we find a high impact of the pH level on the structural and electrostatic properties of spherical electrical double layers in 5Å and 580Å nanoparticle sizes immersed in 0.8M monovalent electrolyte solution. At low pH levels, our results show small number of charged functional groups on the nanoparticle surface, and weak electrostatic interactions between the nanoparticle and surrounding liquid. Therefore, the resulting driving force governing the structural and electrostatic properties of the (EDL) in acid electrolyte solutions is found to come from the ionic entropy energy. The ion density profiles are characterized by an increase in accumulation of co-ions (Cl − ) and depletion of counterions (Na + ) near the surface of the nanoparticle, where asymmetry size effects are responsible for more coions inhabiting the first shell than counter-ions. Furthermore, our results on MEP reveal charge inversions and a non-trivial, non-monotonic short-range behavior. We find a different scenario at high pH levels where many functional groups are deprotonated on the nanoparticle surface. In this case, the ionic driving force near the nanoparticle surface is found to depend heavily on the ion species. For counter-ions, the electrostatic potential energy competes with the entropy, both providing with positive values of the same order to the ionic PMF. However, the electrostatic energy for co-ions is negative while entropy contributions remain positive, displaying a balancing relationship between them. As a result of this interplay, a reduced PMF governs the co-ion density distribution. We find a significant increase in the accumulation of counterions (Na + ) and depletion of co-ions (Cl − 
